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Abstract 

There is an urgent need for improved therapy for advanced ovarian carcinoma, which may be met by administering 
immune-modulatory monoclonal antibodies (mAbs) to generate a tumor-destructive immune response. Using the ID8 
mouse ovarian cancer model, we investigated the therapeutic efficacy of various mAb combinations in mice with 
intraperitoneal (i.p.) tumor established by transplanting 3 * 10 6 ID8 cells 10 days previously. While most of the tested 
mAbs were ineffective when given individually or together, the data confirm our previous finding that 2 i.p. injections 
of a combination of anti-CD137 with anti-PD-1 mAbs doubles overall survival. Mice treated with this mAb combination 
have a significantly increased frequency and total number of CD8 + T cells both in the peritoneal lavage and spleens, 
and these cells are functional as demonstrated by antigen-specific cytolytic activity and IFN-y production. While 
administration of anti-CD137 mAb as a single agent similarly increases CD8 + T cells, these have no functional 
activity, which may be attributed to up-regulation of co-inhibitory PD-1 and TIM-3 molecules induced by CD137. 
Addition of the anti-cancer drug cisplatin to the 2 mAb combination increased overall survival >90 days (and was 
probably curative) by a mechanism which included a systemic CD8 + T cell response with tumor specificity and 
immunological memory. Strikingly, combined treatment of cisplatin and CD137/PD-1 mAb also gave rise to the long- 
term survival of mice with established TC1 lung tumors. A similar combination of the 2 mAbs and cisplatin should be 
considered for clinical 'translation'. 
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Introduction 

Epithelial ovarian carcinoma (EOC) is the leading cause of 
death from gynecologic malignancies in the United States and 
is the fourth most common cause of cancer death in women 
[1]. Over 70% of women with EOC present with advanced 
stage disease and tumor dissemination throughout the 
peritoneal cavity [2]. The standard treatment for ovarian cancer 
is surgical debulking followed by platinum-taxane based 
chemotherapy [3]. Cisplatin and its platinum derivatives are 
first-line chemotherapeutic agents in the treatment of ovarian 
cancer. Cisplatin induces apoptosis by irreversibly intercalating 
DNA through inter- and intrastrand DNA adducts, thereby 



inducing DNA damage and activation of the apoptotic 
machinery [4]. Most patients are responsive to chemotherapy 
at first; however, the majority will eventually have a relapse and 
die of the disease. Therefore, novel complementary strategies 
are needed to improve the outcome of ovarian cancer. 

There are several reasons to expect that immunotherapy for 
EOC could be effective [5]. EOC cells express tumor- 
associated antigens against which specific immune responses 
have been detected [6-10]. Studies pioneered by Coukos 
indicate that immunological mechanisms play an important role 
in the clinical outcome since there is a close correlation 
between survival and tumor infiltration with CD3 + T cells [11]. 
EOC metastases are frequently restricted to the peritoneal 
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cavity, which facilitates the local delivery of therapeutic agents 
[12]. Most patients with advanced disease can be brought into 
temporary clinical remission where the tumor load is small and 
therefore more likely to respond [9]. However, clinical success 
with immunotherapies for EOC has been modest [13]. 

Several recent studies have demonstrated therapeutic 
efficacy both in mouse models and human patients by 
administration of mAbs that can modify the immune response 
when used alone or in combinations. For example, mAbs to 
CTLA4 have antitumor efficacy with prolonged overall survival 
in patients with metastatic melanoma, and an anti-CTLA4 mAb 
is clinically approved by the FDA [14]. Beneficial therapeutic 
effects have been demonstrated in mice with established 
tumors [14,15] by engaging CD137 (a.k.a. 4-1BB), using 
agonist antibodies, dimeric RNA aptamers or tumor cells 
expressing a surface-attached anti-CD137 single chain 
antibody [15,16], and the preclinical data have led to clinical 
trials with humanized mAbs directed against CD137 [17]. 
Programmed Death 1 (PD-1) protein is a co-inhibitory receptor 
on T cells with a structure similar to that of CTLA-4 but with a 
distinct biologic function and ligand specificity [18]. Blockade of 
the interaction between PD-1 and its ligand, PD-L1, potentiates 
T-cell immune responses in vitro and mediates antitumor 
activity [19-21]. The preclinical findings have led to recently 
reported clinical trials showing that anti-PD-1 and anti-PD-L1 
mAbs produce an impressing antitumor activity in non-small 
cell lung cancer, melanoma and renal-cell cancer with 
complete regression achieved in some patients [22-24]. 

In spite of the promising antitumor efficacy of several mAbs, 
many tumors are refractory to treatment with single anti- 
CD137, anti-PD-1 or anti-CTLA4 mAbs [25,26] and 
combinations of two or more mAbs may be needed. We 
recently demonstrated in all of 4 mouse tumor models, 
including the ID8 clone of the MOSEC murine ovarian cancer, 
that repeated delivery to the tumor site of a combination of 
mAbs to CD137/PD-1/CTLA4 caused long-term tumor 
regressions and even cures and that a mAb combination which 
also comprised a mAb to CD 19 was even more effective [27]. 
While these data are important by demonstrating that a shift 
from a Th2 type inflammatory response, which is prevalent in 
tumors [28-30], to a Th1 type response can be curative, 
repeated delivery of 3-4 mAbs to tumor sites is not practical for 
clinical 'translation'. 

The problem associated with the need for local delivery can 
be overcome for ovarian cancers since they grow and primarily 
metastasize in the peritoneal cavity and are thus accessible. 
Furthermore, the number of needed mAbs may be reduced to 
two, since we already found that a combination of anti-CD137 
and anti-PD-1 mAbs can double survival of mice with 
established ID8 tumors although it is not curative [28]. Based 
on these findings we have now compared the in vivo 
therapeutic efficacy, measured as prolonged overall survival, of 
anti-CD137/PD-1 combination with that of the mAbs given as 
single agents as well as with other mAbs and mAb 
combinations. We further investigated the systemic and local 
immunological mechanisms engaged by single or combined 
anti-CD137/PD-1 mAbs. Importantly, we subsequently showed 
that a combination of anti-CD137/PD-1 mAbs with the anti- 



cancer drug cisplatin significantly prolongs life and is probably 
curative to 80% of mice with established ID8 carcinoma by a 
mechanism that involves functional CD8 + T cells and has tumor 
antigen specificity as well as immunological memory. A similar 
regimen also resulted in long-term survival of 33.3% of mice 
with established TC1 lung carcinoma. A similar approach 
should be 'translatable' to the clinic. 

Materials and Methods 

Mice and cell lines 

For experiments conducted in China, 6 to 8 -week female 
C57BL were purchased from the Animal Experimental Center 
of the Second Military Medical University and animal protocols 
were approved by the Institutional Review Board of Second 
Military Medical University. Animal experiments performed in 
Seattle utilized mice purchased from Charles River 
Laboratories (Wilmington, MA) and the protocols were 
approved by the Institutional Review Board of University of 
Washington. 

ID8 is a clone of the MOSEC ovarian carcinoma of C57BL/6 
origin [31] and TC1 is a clone derived from primary lung 
epithelial cells of C57BL/6 mice co-transformed with HPV-16 
E6 and E7 [27]. The EL4 murine T cell lymphoma cells are of 
C57BL/6 origin [32]. ID8 and TC1 tumor cells were cultured in 
the complete DMEM medium supplemented with 10% FBS 
(Thermo Scientific, Rockford, IL), 100 U/mL penicillin and 100 
ug/mL streptomycin before cell suspensions were prepared 
and transplanted to mice. The EL4 cells and splenocytes were 
maintained in a complete medium of RPMI-1640 supplemented 
with 10% FBS, 25 mM HEPES, 2 mM glutamine, 100 U/mL 
penicillin and 100 ug/mL streptomycin. 

Reagents 

The following monoclonal antibodies (mAb) used in animal 
experiments were purchased from BioXcell (West Lebanon, 
NH): anti-CD137 (Clone lob12.3), anti-PD-1 (Clone RMP1-14), 
anti-CTLA4 (Clone 9D9), anti-NK1.1 (Clone PK136), anti-CD8 
(Clone 2.43), anti-CD4 (Clone GK1.5) and control (Clone 2A3). 
The anti-CD137 antibody of clone 2A was prepared in our lab 
as described previously [33]. 

Animal studies 

Mice were injected intraperitoneally (i.p.) with 3 x 10 6 ID8 
cells in 0.1 mL of PBS. On days 10 and 14 after tumor 
inoculation, mice were injected i.p. with 0.5 mg of each mAb in 
total 0.5 mL of PBS as shown in the figure legends. In 
experiments with mAb/cisplatin combined therapy, group of 
mice (10 mice per group) bearing 10 days established ID8 
tumor received two doses of control, anti-PD-1, anti-CD137 or 
anti-PD-1/CD137 mAb (0.5 mg per dose per mouse) at 4 days 
interval with or without cisplatin (10mg/kg) coadministration at 
their first treatment. The mice were weighed every second day 
and checked daily for swollen bellies as indicative of ascites 
information and for any evidence of toxicity, such as changed 
behavior, inability to move, eat or drink. Following institutional 
guidelines, mice were killed when they developed ascites and 
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had a weight increase > 30%. The survival of each mouse was 
recorded and overall survival was calculated. For combined 
therapy experiments in the TC1 tumor model, mice (6 per 
group) were injected subcutaneously (s.c.) with 5 " 10 s TC1 
cells in 0.1 mL of PBS. On days 5 and 9 after tumor 
transplantation, mice were injected intratumorally (i.t.) with 
mAbs and/or cisplatin using the dose/schedule described 
above. Three perpendicular diameters of s.c. tumors were 
measured every second day using a caliper and tumor volumes 
were calculated according to the formula: 1/2 x (length) « 
(width) 2 . Mice were sacrificed when they seemed moribund or 
their s.c. tumors reached 10 mm in diameter. 

For assessing the development of immunological memory, 
15 long-term surviving mice receiving cisplatin/anti-PD1/CD137 
combined therapy (pooled from 2 independent experiments) or 
5 age-matched naTve mice (which served as control) were 
challenged i.p. or s.c. with 3 * 10 6 ID8 cells or 1 « 10 6 
syngeneic but antigenically different TC1 cells. Tumor growth in 
mice was evaluated as described above. 

For depletion experiments, an anti-CD4 (0.2 mg/mouse), 
anti-CD8 (0.2 mg/mouse), anti-NK1.1 (0.1 mg/mouse) or 
control mAb (0.2 mg/mouse) was injected i.p. 48 and 72 hours 
prior to treatment and every 3-4 days thereafter for the duration 
of the experiments. The depletion of appropriate cell subsets 
was confirmed by flow cytometric analysis (data not shown). 

Evaluation of immune cell subsets in spleens and 
peritoneal lavages by flow cytometry 

Mice which had been transplanted i.p. with ID8 cells were 
euthanized 7 and 14 days after they had been injected with the 
anti-PD1, anti-CD137, anti-PD1/CD137 or control as in the 
therapy experiments. Single cell suspensions from spleens 
were prepared as described previously [27]. To obtain 
peritoneal immune cells, 3 ml PBS was injected into the 
peritoneal cavity of mice with ID8 tumors immediately after 
euthanasia, their belly was massaged and the fluid was 
removed, filtered through a 70 uM cell strainer (BD 
Biosciences, San Jose, CA), washed and immune cells were 
isolated by using a mouse lymphocyte isolation buffer 
(Cedarlane, Burlington, Ontario) following the manufacturer's 
instruction. 

Single-cell suspensions were washed with FACS staining 
buffer and incubated with mouse Fc receptor binding inhibitor 
for 10 minutes before staining with antibodies of CD45 (clone 
30-F11), CD3 (clone 145-2C11), CD4 (clone GK1.5), CD8 
(clone 53-6.7), CD19 (clone eBio1D3), CD11b (clone M1/70), 
GR-1 (clone RB6-8C5), TIM-3 (clone 8B.2C12) and PD-1 
(clone J43; all from eBioscience, San Diego, CA) for 30 
minutes. For intracellular staining of FoxP3 (clone FJK-16s; 
eBioscience), IFN-y (clone XMG1.2; eBioscience), and IL-10 
(clone JES5-16E3; eBioscience), cells were fixed, 
permeabilized, and stained following the instruction of Cytofix/ 
Cytoperm kit (BD Bioscience). Flow cytometry was performed 
using FACSCalibur (BD Biosciences) and the lymphocyte 
population was selected by gating CD45-positive cells. The 
data were analyzed using Flow Jo software (Tree Star, 
Ashland, OR). All flow cytometry experiments were performed 
at least 3 times. 



Evaluation of antigen-specific immune response 

Isolated splenocytes from treated mice were cultured in the 
presence of 10ug/mL H-2Db-restricted mesothelin-derived 
peptides (mesothelin amino acid 406-414) or control HPV-E7- 
derived peptide (HPV-E7 49-57; all from Shanghai Science 
Peptide Biological Technology Co. Ltd., Shanghai) for 3 days. 
Subsequently, IFN-y in the supernatants was detected by 
Mouse IFN-y Quantikine ELISA Kit (R&D systems, 
Minneapolis, MN). The results were analyzed after 
normalization according to the T cell numbers. 

For CTL assays, effector cells were obtained by coculturing 5 
x 10 6 splenocytes with 5 x 10 5 UV-irradiated ID8 cells for 4 
days. Peptide-pulsed EL4 target cells were generated by 
adding 10 ug/ml of peptide and incubating for 4 hours. CTL 
activity was measured using the CytoTox96 Non-Radioactive 
Cytotoxicity Assay kit (Promega, Madison, Wl) following the 
manufacturer's instructions. In brief, target cells were incubated 
with varying numbers of effector cells for about 4 hours, and 
supernatants were then analyzed for lactate dehydrogenase 
release. The results are expressed as percent specific lysis, 
calculated as (Experimental release-Spontaneous release/ 
Total release-Spontaneous release) * 100. In some 
experiments, effector cells were incubated with anti-CD4 or 
CD8 antibody (10ug/mL) for 2 hours before CTL assay. 

ELISA 

Mice injected i.p. with 3 « 10 6 ID8 cells 10 day earlier were 
injected twice at 4 days interval with 0.5 mg of each mAb in 0.5 
mL of PBS. Two weeks after the last mAb injection, peritoneal 
immune cells (1 * 10 6 /well) harvested from treated mice were 
stimulated in vitro with 50 ng/ml PMA and 1 ug/ml ionomycin 
for 6 hours prior to the analysis of IL-2 and IFN-y production in 
the supernatants by ELISA according to the manual (R&D 
systems). The results were analyzed after normalization 
according to the T cell numbers in total peritoneal immune 
cells. 

Statistics 

Results were expressed as mean ± standard error of mean 
(M±SEM). All statistical analyses were performed using 
GraphPad Prism 5. Student's t test was used to compare the 
statistical difference between two groups and one-way ANOVA 
was used to compare three or more groups. Survival rates 
were analyzed using the Kaplan-Meier method and evaluated 
with the log-rank test. Differences were accepted as significant 
at p<0.05. 

Results 

Synergistic antitumor effect of anti-CD137/PD-1 mAbs 

We evaluated the antitumor efficacy of different combinations 
of agonistic or antagonistic mAbs against co-stimulatory or co- 
inhibitory molecules in C57BL mice transplanted i.p. 10 days 
previously with 3 * 10 6 ID8 cells. Based on published evidence 
indicating a therapeutic potentials in several tumor models we 
tested mAbs to CD137, CD40, CTLA-4, PD-1, TIM-3 and 
LAG-3 [34,35], as single agents and in combinations. 
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Figure 1. Antitumor effects of anti-CD137/PD-1 mAbs againstne ID8 ovarian cancer. Mice (5/group) transplanted i.p. with 3 x 
10 6 ID8 cells 10 days previously were injected i.p. twice at 4 days interval with the indicated mAb combinations (0.5 mg of each 
mAb/mouse); survival was recorded (A, C) and mean survival time was calculated (B, D). The experiment was repeated once with 
similar results. E, Mice (8-9/group) transplanted i.p. with 3 x 10 6 ID8 cells 3 days previously were injected i.p. twice at 4 days interval 
with 0.5 mg of control, anti-PD-1, anti-CD137 and anti-PD-1/CD137 mAb and their survival was recorded. *P < 0.05, **P < 0.01, 
compared with control mAb treated mice. 

doi: 10.1371/journal.pone.0084927.g001 



Untreated mice and mice receiving a control mAb developed 
ascites about 30 days after tumor inoculation and had to be 
euthanized. As shown in Figure 1, most of the tested mAbs 
combinations had little or no effects on the overall survival of 
tumor-bearing mice, and none of the mAbs was therapeutically 
effective when used alone. Consistent with our recently 
published results [27], combined treatment of anti-CTLA4, 
PD-1 and CD137 mAbs significantly prolonged survival of mice 
with the mean survival time increasing to 80 days (Figure 1A,B; 
p<0.05 compared to controls). Combined treatment of anti- 
CTLA4, PD-1, TIM-3 and CD40 mAbs also suppressed tumor 
growth but was less efficacious with mean survival time 49 
days. Other mAb combinations, including anti-CTLA4/PD-1, 
anti-CTLA4/PD-1/CD40, anti-CTLA4/PD-1/TIM-3, anti-CTLA4/ 
PD-1/LAG-3 and anti-CTLA4/PD-1/LAG-3/CD40 had no effect 
on tumor growth. 

We next repeated the above experiments by using two 
different clones of mAb against CD137 (2A and lob12.3). As 
shown in Figure 1C and D, although single mAb treatment did 
not prolong overall survival, combination of anti-PD-1 mAb with 
either anti-CD137 mAb equally prolonged survival of mice with 
the mean survival time doubled (p<0.05 compared with control 
and single mAb groups), which was further enhanced by 



addition of anti-CTLA4 mAb (p<0.01 compared with control and 
single mAb groups). A repeat of the experiment gave similar 
results (data not shown). 

Notably, we did not detect any expression of CD137 and 
PD-1 molecules and their respective ligands CD137L and PD- 
L1/PD-L2 on the surface of ID8 ovarian cancer cells (data not 
shown), excluding the possibility that inhibition of ID8 tumor 
growth in vivo is directly mediated by the anti-CD137 plus anti- 
PD-1 mAbs. 

Interestingly, either anti-CD137 or anti-PD-1 mAb alone 
protected against outgrowth of ID8 cells in 3 days established 
ID8 model with respective 66.7% and 37.5% of mice surviving 
90 days when the experiment was terminated and the mice 
euthanized (Figure 1E). The peritoneal cavity of these mice 
was tumor free. It is noteworthy that anti-CD137 mAb was 
more effective than anti-PD1 mAb and that a combination of 
the two was modestly more effective (77.8% surviving mice) 
than anti-CD137 mAb alone. 
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Figure 2. Analysis of lymphocyte components in spleens from mice treated with mAb combinations. Mice (3/group) 
transplanted i.p. with 3 x 10 6 ID8 cells 10 days earlier were injected i.p. with 0.5 mg of control, anti-CD137, anti-PD-1 or anti-PD-1/ 
CD137 mAb and the mAb injection was repeated 4 days later. Seven days after the second injection, spleens were harvested and 
single cell suspensions prepared and stained with fluorescence labeled antibodies against markers of lymphocyte subsets prior to 
analysis by flow cytometry. The percentages and numbers of CD3 + , CD4 + , CD8 + , CD19 + , FoxP3 + /CD4 and GR-1 + CD11b + cells in 
spleens are shown in (A) and representative dotplots are shown in (B). Data are presented as M ±SEM from 3 mice/group and are 
representative of 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, The findings with anti- PD-1 or CD137 single 
mAbs are compared with control mAb, and the findings with anti- PD-1/CD137 mAbs are compared with both control and single 
mAb. 

doi: 10.1371/joumal.pone.0084927.g002 



Increased percentage of effector T cells and decreased 
percentage of immunosuppressive cells induced by 
anti-CD137/PD-1 mAbs 

To explore whether combined anti-PD-1/CD137 mAbs 
induced a systemic immune response, we injected mice 
transplanted 10 days earlier with ID8 cells (as in the therapy 
experiments) with either a combination of the anti-PD-1/CD137 
mAbs or either mAb alone. Seven days later, we analyzed by 
flow cytometry the percentage, absolute number and effector 
function of lymphocyte subsets in the spleens from the treated 
mice. As shown in Figure 2A, spleens from mice treated with 
combined anti-PD1/CD137 mAbs displayed a significantly 
increased frequency and absolute number of CD3 + (p<0.01) 
and CD8 + T (p<0.001) cells and decreased levels of 
CD4 + FoxP3 + regulatory T (Treg) cells (p<0.001) and 
GR-1 + CD11b + myeloid-derived suppressor cells (MDSCs) 
(p<0.05); representative plots are shown in (Figure 2B). 
Combined anti-PD1/CD137 mAbs also elevated the levels of 
CD44 + CD62L effector/memory (p<0.01), CD44 + CD62L + central 
memory (p<0.05), IFN-v-producing effector CD8 + T cells 
(p<0.01) and decreased CD8 + T cells producing IL-10 
(p<0.001) in the spleens (Figure 3A); representative plots are 
shown in Figure 3B. The data indicate that anti-PD-1/CD137 
mAbs therapy generated a systemic immune response 



dominated by significantly increased CD8 + effector T cells and 
decreased immunosuppressive cells. 

Antigen-specific CTL response induced by anti-CD137/ 
PD-1 mAbs 

Our previous study demonstrated that combined anti-CTLA4/ 
PD-1/CD137 mAbs induce a potent antigen-specific Th1 type 
immune response in spleens from ID8-bearing mice [27], 
whose splenocytes produced high levels of IFN-y upon 
stimulation by peptide derived from ID8 cell-expressing 
mesothelin, a well-characterized ovarian tumor antigen [9]. 
Similarly, we detected IFN-y production by splenocytes from 
mice treated with combined anti-PD-1/CD137 mAbs in 
response to stimulation by mesothelin but not a HPV-E7 
derived peptide used as control (data not shown). We further 
determined whether the splenocytes had cytolytic activity. 
Splenocytes from mice treated with anti-PD-1/CD137 mAbs 
were restimulated with UV-irradiated ID8 cells for 4 days before 
CTL assays were performed using EL4 cells pulsed with HPV- 
E7 or mesothelin-derived peptide as target cells. As shown in 
Figure 4A, splenocytes from anti-PD-1/CD137 treated mice 
displayed cytotoxic activity on EL4 cell pulsed with mesothelin 
but not with HPV-E7 peptide. Pre-incubation with CD8 antibody 
suppressed the killing activity (Figure 4B). We conclude that 
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Figure 3. Analysis of effector CD8 + T lymphocyte in spleens from mice treated with mAb combinations. Mice (3/group) 
which had been transplanted i.p. with 3 * 10 6 ID8 cells 10 days earlier were injected i.p. twice at 4 days interval with 0.5 mg of 
control, anti-CD137, anti-PD-1 or anti-PD-1/CD137 mAb. Spleens from treated mice were analyzed for phenotypes and effector 
functions of CD8 + T lymphocytes by flow cytometry 7 days after the second mAb injection. The percentages and numbers of 
CD44 + CD62L effector/memory and CD44 + CD62L + central memory and IFN-y- and IL-10-producing cells in the CD8 + T cell 
population are shown in (A) and representative dotplots are shown in (B). Data are presented as M±SEM from 3 mice in each group 
and are representative of 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, PD-1 or CD137 mAb compared with 
control mAb, PD-1/CD137 mAb compared with control and single mAb. 

doi: 10.1371/joumal.pone.0084927.g003 



combined anti-PD-1/CD137 mAbs elicited a tumor antigen- 
specific CTL response mediated by CD8 cells. 

Local Th1 type immune response promoted by anti- 
CD137/PD-1 mAbs 

To analyze the change in the local immune cells, mice 
bearing 10-day established ID8 tumor were treated with either 
single or combined anti-PD-1/CD137 mAbs and their peritoneal 
lavages were harvested 7 days after the last mAb injection. 
Confirming our previous findings [27], treatment of anti-PD-1/ 
CD137 mAbs induced significantly increased infiltration of CD3 + 
(p<0.01) and CD8 + (p<0.01) cells as well as decreased 
infiltration of CD19 + (p<0.001) cells as compared with either 
control or single mAb treatment (Figure 5A). Further analysis of 
CD44 and CD62L expression showed that most of CD4 + and 
CD8 + T cells from anti-PD-1 /CD1 37 mAbs treated mice were 
CD44 + CD62L effector/memory T cells and their percentages 
were much higher (p<0.01) than that from control or single mAb 
treated mice (Figure 5B); representative dotplots are shown in 
Figure S1. We also confirmed decreased levels of Tregs and 
MDSCs as previously reported (data not shown; ref 27). 



Single CD137 mAb treated mice also exhibited increased 
infiltration of CD3 + (p<0.05), CD8 + (p<0.05) and CD44 + CD62L 
effector/memory CD8 + T (p<0.05) cells in the peritoneal cavity 
although it was ineffective in prolonging overall survival (Figure 
1D). To explore the mechanisms underlying the failure of tumor 
protection induced by anti-CD137 mAb alone, we examined the 
expression of PD-1 and immune regulator T cell 
immunoglobulin mucin (TIM-3) co-inhibitory molecules on T 
cells, which have been reported to be closely associated with 
functional exhaustion of T cells [36,37]. As shown in Figure 5C, 
anti-CD137 mAb up-regulated the expression of PD-1 and 
TIM-3 on peritoneal CD4 + and CD8 + T cells and single anti- 
PD-1 mAb had little effects on TIM-3 expression although it 
attenuated the expression of PD-1 on CD8 + T cells compared 
with the control mAb. Notably, concomitant PD-1 blockade 
significantly prevented the up-regulation of PD-1 and TIM-3 on 
T cells induced by CD137 activation; representative dotplots 
are shown in (Figure S2). Consistent with the upregulation of 
PD-1 and TIM-3, peritoneal T cells isolated from anti-CD137 
mAb treated mice produced lower levels of IL-2 and IFN-y 
(Figure S3). 
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Figure 4. Mice injected with an anti-PD-1/CD137 mAb combination developed a tumor antigen-specific CTL 
response. Mice (3/group) transplanted i.p. with 3 x 10 6 ID8 cells 10 day earlier were injected i.p. twice at 4 days interval with 0.5 
mg of anti-PD-1/CD137 mAb. Seven days after the second mAb injection, pooled splenocytes (5 x 10 6 ) from 3 mice were incubated 
with 5 x 10 5 UV-irradiated ID8 cells for 4 days. The resultant splenocytes were then evaluated for antigen-specific CTL activity by 
CytoTox 96 Non-radioactive cytotoxicity assay using EL4 cells pulsed with H-2Db-restricted mesothelin or HPV-E7 peptide as target 
cells (A). The killing activity was also evaluated in the presence of anti-CD4, anti-CD8 or control antibody (B). Data were expressed 
as M±SEM of triplicate wells. 

doi: 10.1371/journal.pone.0084927.g004 




CD4 CD8 CD4 CD8 



Figure 5. Analysis of peritoneal lymphocyte subsets from mice injected with the anti-PD-1/CD137 combination. Mice (3/ 
group) transplanted i.p. with 3 x 10 6 ID8 cells 10 day earlier were injected i.p. twice at 4 days interval with 0.5 mg of control, anti- 
CD137, anti-PD-1 or anti-PD-1/CD137 mAb. Two weeks later, peritoneal lavage from treated mice was analyzed by flow cytometry 
for the percentage and phenotype of peritoneal lymphocytes. The percentages of CD3 + , CD4 + , CD8 + and CD19 + lymphocytes in 
peritoneal lavage and CD44+CD62L effector/memory cells in CD4 + and CD8 + T cells are shown in (A) and (B) respectively. The 
percentage of PD-1 + TIM-3 + and PD-1 TIM-3 + cells in peritoneal CD4 + and CD8 + T cells are shown in (C) with representative dotplots 
in Figure S2. Data are presented as M±SEM from 3 mice of each group and are representative of 2 independent experiments. *P < 
0.05, **P < 0.01, ***P < 0.001, PD-1 or CD137 mAb compared with control mAb, PD-1/CD137 mAb compared with control and 
single mAb. 

doi: 10.1371/joumal.pone.0084927.g005 



Long-lasting antitumor effect induced by combined 
anti-CD137/PD-1 mAbs and cisplatin 

Prior studies have reported that anti-CD137 mAb synergizes 
with cisplatin, a commonly used chemotherapeutic drug for 
ovarian cancer, to induce regression of the murine CT-26 colon 
cancer in 60% of mice [38]. To explore the efficacy of anti- 



PD-1/CD137 mAbs plus cisplatin in the ID8 ovarian cancer 
model, we first treated tumor-bearing mice with i.p. injection of 
a dose of cisplatin followed by 2 doses of anti-PD-1/CD137 
mAbs at 4 days interval. As shown in Figure 6A, combined anti- 
PD-1/CD137/cisplatin treatment produced a significant 
antitumor effect as compared with single mAb, both mAbs or 
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Figure 6. Combining anti-PD-1/CD137 mAb with cisplatin induced complete remission of established ID8 cancer with long- 
lasting systemic tumor-specific immunity. Mice (10/group) transplanted i.p. with 3 x 10 6 ID8 cells 10 days earlier were injected 
i.p. with two doses of control, anti-PD-1, anti-CD137 or anti-PD-1/CD137 mAb (0.5 mg per dose per mouse) at 4 days interval with 
or without coadministration of cisplatin (10mg/kg) at the first treatment and their survival was evaluated (A). Mice (10/group) treated 
with combined anti-PD-1/CD137/cisplatin were depleted of lymphocyte subsets by injection of anti-CD4 (0.2 mg/mouse), anti-CD8 
(0.2 mg/mouse), anti-NK1.1 (0.1 mg/mouse) or control mAb (0.2 mg/mouse) 48 and 72 hours prior to the first treatment and every 

3- 4 days thereafter for the duration of the experiments. Untreated tumor-bearing mice were as negative controls (UNT group). The 
survival of mice was recorded (B). Fifteen long-term surviving mice (120 days after original transplantation of ID8 cells) pooled from 
2 experiments were challenged (5 mice/group) with ID8 cells given i.p. or s.c. or with TC1 cells transplanted s.c. (C); naive mice 
were transplanted with tumor cells as controls (D) and their survival was recorded. Mice (6/group) with established TC1 tumors of 

4- 5 mm mean diameter were injected i.p. with two doses of control, anti-PD-1, anti-CD137 or anti-PD-1/CD137 mAb (0.5 mg per 
dose per mouse) at 4 days interval with or without coadministraation of cisplatin (10 mg/kg) at the first treatment; tumor growth was 
measured (E) and survival was recorded (F). Data are representative of 2 experiments for Figure 6A-D. 

doi: 10.1371/joumal.pone.0084927.g006 



cisplatin alone, resulting in the long-term survival of 80% (8 
mice out of 10) mice; there was no survival benefit from 
cisplatin alone or combined with either anti-PD-1 or anti-CD137 
mAbs. We obtained similar results from a repeated experiment. 
The removal of CD8 + T cells completely abrogated the 
antitumor effect (Figure 6B), demonstrating a pivotal role of 
these cells in tumor protection. The long-term survivors 
developed a systemic immune response with memory and 
tumor-specificity as demonstrated by their resistance to 
challenge with ID8 cells but not to challenge with antigenically 
unrelated TC1 cells (Figure 6C). Control, na'i've mice 
succumbed to challenge with either ID8 or TC1 cells which had 
similar growth rates (Figure 6D). 

To validate the above results, we did an experiment with the 
TC1 lung tumor model. Mice with s.c. established TC1 tumors 
(4-5mm in diameter) were injected i.t. with anti-PD-1, anti- 
CD137, or anti-PD-1/CD137 mAbs, or cisplatin, or a 
combination of the two mAbs plus cisplatin, using the same 
dose/schedule as in the ID8 experiment. As shown in Figure 
6E and 6F, anti-PD-1 or anti-CD137 mAb had no anti-tumor 
efficacy as a single agent and cisplatin alone or a combination 
of anti-PD-1 /CD1 37 mAbs only slightly suppressed tumor 



growth. In contrast, a combination of anti-PD-1/CD137 with 
cisplatin significantly inhibited tumor growth (median survival 
days 21, 21, 23, 29, 34, and 76 days for control, anti-PD-1, 
anti-CD137, cisplatin, anti-PD-1/CD137 and anti-PD-1/CD137/ 
cisplatin respectively; p<0.05 for anti-PD-1/CD137/cisplatin 
versus cisplatin or anti-PD-1/CD137) and 2 of 6 mice survived 
tumor-free when the experiment was terminated 90 days after 
tumor transplantation. 

Discussion 

Antibodies which activate the T-cell co-stimulatory receptor 
CD137 or block the co-inhibitory receptor PD-1 have 
demonstrated broad anti-tumor effects but have not improved 
the survival of mice with poorly immunogenic tumors, including 
the ID8 murine ovarian cancer, when used as single agents 
[25,39,40]. In contrast, repeated administration of a 
combination of mAbs to CD137 plus PD-1 doubles tumor-free 
survival of mice with established ID8 carcinoma, and addition 
of a mAb to CTLA4 further increases it [27]. Importantly, a 
combination of anti-CD137/PD-1/CTLA4 mAbs was shown to 
be therapeutically efficacious (and sometimes curative) in all of 
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4 mouse models investigated when delivered to the tumor 
microenvironment, and the efficacy was further increased by 
also including a mAb to CD19 [27]. Tumor regression appeared 
to be caused by a shift from a tumor-promoting Th2 type 
inflammatory response to a tumor-destructive Th1 response 
[27]. 

While the published findings provide excellent models to 
investigate immunological mechanisms associated with tumor 
regression and cures [28], a protocol based on repeated 
delivery of 3-4 mAbs to tumor sites is not likely to become part 
of the clinical mainstay and simplified approaches are needed. 
Ovarian carcinomas originate and primarily metastasize in the 
peritoneal cavity, which provides direct access by mAbs 
injected i.p. for local delivery, a procedure for which there is 
clinical precedence [41]. However, the need to decrease the 
number of agents required for long term remissions and the 
number of doses still remains. This study was performed with 
that goal in mind, focusing on the administration of a 
combination of anti-CD137 and anti-PD-1 mAbs to mice with 
ID8 ovarian carcinoma established i.p. by transplantating 3 x 
10 6 ID8 cells 10 days before treatment. 

Our first objective was to compare the therapeutic efficacy of 
a combination of anti-CD137/PD-1 mAbs with that of mAbs to 
several other immunoregulatory molecules (CD40, TIM-3, 
LAG-3) given as single agents or in combinations of 2 together. 
We found that combined anti-CD137/PD-1 mAb was superior 
to any of the other combinations tested or to single mAbs. 

Our next step was to analyze the mechanisms involved. To 
evaluate systemic immunity (which is needed for a therapeutic 
approach to be clinically useful) we harvested spleen cells from 
treated and control mice and investigated their phenotypes by 
flow cytometry as well as performed functional assays. Based 
on published work [26,42], we hypothesized that the anti- 
CD137 mAb activates and prolongs survival of Th1/Tc1 cells, 
but, as a side-effect, also increases their expression of the co- 
inhibitory receptors PD-1 and TIM-3 [36,37], which causes 
functional exhaustion that can be overcome by administering 
an anti-PD1 mAb [36]. We found that anti-CD137 mAb, 
administered as a single agent, promoted the accumulation of 
effector CD8 + T cells in spleens and peritoneal cavity of treated 
mice; however, these cells produced negligible levels of IFN-y 
upon stimulation, suggesting increased CD8 + T cells by anti- 
CD137 mAb either lacked function or was immunologically 
ignorant [25]. Administration of anti PD-1 mAb as a single 
agent had little effect on CD4*, CD8 + T cells and CD19 + B cells 
but significantly decreased the immunosuppressive 
CD4 + FoxP3 + Treg and CD11b + GR-1 + MDSC populations in 
spleens. The therapeutically efficacious combination of anti- 
PD-1 and anti-CD137 mAbs increased the percentage and 
absolute number of CD8 + effector T cells and decreased levels 
of immunosuppressive Tregs and MDSCs, giving rise to 
significantly increased ratios of effector CD8 + T cells to 
immunosuppressive cells. Importantly, these CD8 + T cells were 
functionally active, producing large amounts of IFN-y upon 
polyclonal or tumor antigen-specific stimulation and exhibiting 
antigen-specific cytotoxicity. A pivotal role of CD8 + T cells in the 
ID8 model was further supported by experiments showing that 
antibody-mediated depletion of CD8 + cells abrogated the in 



vivo therapeutic effect. The combined anti-PD-1/CD137 
treatment also increased the absolute number of splenic CD4 + 
T cells and percentage of peritoneal effector CD4 + T cells; 
however, it appeared that CD4 + T cells are dispensable for 
tumor protection in this model since removal of CD4 + T cells 
had little effect on antitumor effect triggered by combined anti- 
PD-1/CD137 and cisplatin treatment. 

Phenotype analysis showed that anti-CD137 mAb induced 
the upregulation of PD-1 and TIM-3 expression on peritoneal 
CD4 + and CD8 + T cells. Recent studies in multiple mouse 
tumor models have documented the presence of significantly 
increased PD-1 + TIM-3 + CD8 + tumor-infiltrating lymphocytes 
(TILs) exhibiting an exhausted phenotype as defined by the 
failure to produce effector cytokines [36,37]. In melanoma 
patients, up-regulation of TIM-3 and/or PD-1 expression is 
directly correlated with tumor antigen-specific CD8 + T cell 
dysfunction [37]. Consistent with an exhausted phenotype, 
freshly isolated peritoneal immune cells from anti-CD137 
treated mice produced little IL-2 and IFN-y upon polyclonal 
stimulation (Figure S3). Our findings are concordant with a 
recent study showing that agonist CD137 antibody induced the 
expression of PD-1 on CD8 + and CD4 + TILs from mice bearing 
B16 melanoma when they were immunized with a cell-based 
vaccine [42]. Consistent with in vivo antitumor effect, combined 
anti-PD-1/CD137 blocked the upregulation of PD-1 and TIM-3 
molecules on peritoneal CD4 + and CD8 + T cells and reverted 
their dysfunction. 

Importantly, addition to the anti-PD-1/CD137 mAb 
combination of cisplatin, a commonly used chemotherapeutic 
drug for the treatment of ovarian cancer [43], administered at a 
dose equivalent to those used clinically [38], provided long term 
remission (most likely cure) in 80% of the treated mice and 
induced a systemic memory immune response which was 
antigen specific. The antitumor effect of this combined regimen 
was confirmed in the murine TC1 lung tumor model with long- 
term survival 2 of 6 mice receiving combined mAb/cisplatin 
treatment. The data are concordant with findings from a recent 
study, which showed that combined administration of anti- 
PD-1/CD137 mAbs synergized with low-dose radiotherapy to 
cure established orthotopic AT-3 mouse mammary tumors in a 
CD8 + T cell dependent manner [26]. They also relate to the 
demonstration that a combination of anti-CD137 mAb with 
cisplatin induced 60% regression of mouse CT-26 colon 
carcinoma [38], although we did not observe any beneficial 
effect against the ID8 tumor unless the anti-CD137 mAb was 
combined with an anti-PD1 mAb. 

It is noteworthy that both anti-CD137 and anti-PD-1 mAbs, 
given as single agents and without combination with cisplatin, 
induced long-term survival of mice which had been 
transplanted with 3 x 10 6 ID8 cells 3 rather than 10 days before 
treatment. Further studies are needed to explore the immune 
status of treated and control mice with tumors transplanted 3 
days before therapy commenced. Further work is also 
warranted to test whether combined anti-PD-1 /CD1 37 mAbs 
plus chemotherapy has improved antitumor efficacy in another 
ovarian cancer model. 

Blockade of the co-inhibitory receptor PD-1 or its ligand PD- 
L1 in the clinic using anti-PD-1 or anti-PD-L1 mAb has shown 
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promising results for advanced solid tumors with tolerable 
immune related adverse events [22,23,44]. Anti-CD137 mAbs 
have demonstrated toxicity both in some preclinical models [33] 
and in clinical trials [18,31]. It is noteworthy, therefore, that 
peritoneal injection of anti-CD137 mAb, a procedure that can 
be applied clinically in patients with ovarian cancer, did not 
induce any obvious toxicity such as weight or hair loss either in 
this study or our preceding experiments in the ID8 model [27]. 
Our demonstration of additive and possibly synergistic effects 
combining the anti-PD-1/anti-CD137 mAbs with cisplatin should 
stimulate further studies to assess the safety and efficacy of 
similar combinations towards 'translation' to the clinic. 

Supporting Information 

Figure S1. Representative dotplots showing the frequency 
of peritoneal CD3 + , CD4 + , CD8 + and CD19 + lymphocytes 
and CD44/CD62L expression on peritoneal CD4+ and CD8 + 
cells. Mice (3/group) transplanted i.p. with 3 * 10 6 ID8 cells 10 
days earlier were injected i.p. twice at 4 days interval with 
control, anti-CD137, anti-CD137 or anti-PD-1/CD137 mAb. Two 
weeks later, peritoneal lavage from treated mice was analyzed 
for the frequency of CD3 + , CD4 + , CD8 + and CD19 + cells (upper 
two panels) and CD44/CD62L expression on peritoneal CD4 + 
and CD8 + T cells (bottom two panels) by flow cytometry. Middle 
panel represents the dotplots for the isotype antibody staining 
of CD44 and CD62L. 
(TIF) 

Figure S2. Representative dotplots showing PD-1 and 
TIM-3 expression on peritoneal CD4 + and CD8 + T cells from 

References 

1. Siegel R, Naishadham D, Jemal A (2013) Cancer statistics, 2013. CA 
Cancer J Clin 63: 11-30. doi:10.3322/caac.21166. PubMed: 23335087. 

2. Leary A, Pautier P, Tazi Y, Morice P, Duvillard P et al. (2012) The 
molecular biology of epithelial ovarian cancer. Bull Cancer 99: 
1161-1173. PubMed: 23238064. 

3. Ozols RF, Bundy BN, Greer BE, Fowler JM, Clarke-Pearson D et al. 
(2003) Phase III trial of carboplatin and paclitaxel compared with 
cisplatin and paclitaxel in patients with optimally resected stage III 
ovarian cancer: a Gynecologic Oncology Group study. J Clin Oncol 21: 
3194-3200. doi:10.1200/JCO.2003.02.153. PubMed: 12860964. 

4. AH AY, Farrand L, Kim JY, Byun S, Suh JY et al. (2012) Molecular 
determinants of ovarian cancer chemoresistance: new insights into an 
old conundrum. Ann N Y Acad Sci 1271: 58-67. doi:10.1111/j. 
1749-6632.2012.06734.X. PubMed: 23050965. 

5. Kandalaft LE, Powell DJ Jr., Singh N, Coukos G (2011) Immunotherapy 
for ovarian cancer: what's next? J Clin Oncol 29: 925-933. doi:10.1200/ 
JCO.2009.27.2369. PubMed: 21079136. 

6. Ramakrishna V, Ross MM, Petersson M, Gatlin CC, Lyons CE et al. 
(2003) Naturally occurring peptides associated with HLA-A2 in ovarian 
cancer cell lines identified by mass spectrometry are targets of HLA- 
A2-restricted cytotoxic T cells. Int Immunol 15: 751-763. doi:10.1093/ 
intimm/dxg074. PubMed: 12750359. 

7. Santin AD, Hermonat PL, Ravaggi A, Bellone S, Roman JJ et al. (2001) 
Phenotypic and functional analysis of tumor-infiltrating lymphocytes 
compared with tumor-associated lymphocytes from ascitic fluid and 
peripheral blood lymphocytes in patients with advanced ovarian cancer. 
Gynecol Obstet Invest 51: 254-261. doi:10.1 159/000058060. PubMed: 
11408737. 

8. Schondorf T, Engel H, Kurbacher CM, Brenne U, Kolhagen H et al. 
(1998) Immunologic features of tumor-infiltrating lymphocytes and 
peripheral blood lymphocytes in ovarian cancer patients. J Soc Gynecol 



treated mice. Mice (3/group) transplanted i.p. with 3 x 10 6 ID8 
cells 10 days earlier were injected i.p. twice at 4 days interval 
with control, anti-CD137, anti-PD-1 or anti-PD-1/CD137 mAb. 
Two weeks later, peritoneal CD4 + and CD8 + T cells from the 
treated mice was analyzed for the expression of PD-1 and 
TIM-3 molecules by flow cytometry. 
(TIF) 

Figure S3. Cytokine production by peritoneal lavage cells. 

Mice (3/group) transplanted i.p. with 3 x 10 6 ID8 cells 10 days 
earlier were injected i.p. twice at 4 days interval with control, 
anti-CD137, anti-PD-1 or anti-PD-1/CD137 mAb. Two weeks 
later, pooled lavage cells harvested from treated mice were 
stimulated in vitro with 50 ng/ml PMA and 1 ug/ml ionomycin 
for 6 hours prior to the analysis of IL-2 and IFN-y production in 
the supernatants by ELISA (R&D systems). The results were 
analyzed after normalization according to the T cell numbers. 
(TIF) 

Acknowledgements 

A special thanks to Liangliang Wang for his assistance in flow 
cytometry analysis. 

Author Contributions 

Conceived and designed the experiments: HFW YJG KEH IH. 
Performed the experiments: HFW LKZ. Analyzed the data: 
HFW YJG KEH IH. Contributed reagents/materials/analysis 
tools: WL KXF WZQ SH HW MD. Wrote the manuscript: HFW 
YJG KEH IH. 



Investig 5: 102-107. doi:10.1016/S1071-5576(97)86333-2. PubMed: 
9509389. 

9. Wei H, Liu P, Swisher E, Yip YY, Tse JH et al. (2012) Silencing of the 
TGF-beta1 gene increases the immunogenicity of cells from human 
ovarian carcinoma. J Immunother 35: 267-275. doi:10.1097/CJI. 
0b013e31824d72ee. PubMed: 22421944. 

10. Vermeij R, Leffers N, Melief CJ, Daemen T, Nijman HW (2012) 
Antigen-specific immunotherapy in ovarian cancer and p53 as tumor 
antigen. Curr Pharm Des 18: 3804-3811. doi: 
10.2174/138161212802002805. PubMed: 22591425. 

11. Zhang L, Conejo-Garcia JR, Katsaros D, Gimotty PA, Massobrio M et 
al. (2003) Intratumoral T cells, recurrence, and survival in epithelial 
ovarian cancer. N Engl J Med 348: 203-213. doi:10.1056/ 
NEJMoa020177. PubMed: 12529460. 

12. Cubillos-Ruiz JR, Engle X, Scarlett UK, Martinez D, Barber A et al. 
(2009) Polyethylenimine-based siRNA nanocomplexes reprogram 
tumor-associated dendritic cells via TLR5 to elicit therapeutic antitumor 
immunity. J Clin Invest 119: 2231-2244. PubMed: 19620771. 

13. Mantia-Smaldone GM, Corr B, Chu CS (2012) Immunotherapy in 
ovarian cancer. Hum Vaccin Immunother 8: 1179-1191. doi: 1 0.41 61/hv. 
20738. PubMed: 22906947. 

14. Graziani G, Tentori L, Navarra P (2012) Ipilimumab: a novel 
immunostimulatory monoclonal antibody for the treatment of cancer. 
Pharmacol Res 65: 9-22. doi:10.1016/j.phrs.201 1 .09.002. PubMed: 
21930211. 

15. McNamara JO, Kolonias D, Pastor F, Mittler RS, Chen L et al. (2008) 
Multivalent 4-1 BB binding aptamers costimulate CD8+ T cells and 
inhibit tumor growth in mice. J Clin Invest 118: 376-386. doi:10.1172/ 
JCI33365. PubMed: 18060045. 

16. Yang Y, Yang S, Ye Z, Jaffar J, Zhou Y et al. (2007) Tumor cells 
expressing anti-CD137 scFv induce a tumor-destructive environment. 



PLOS ONE | www.plosone.org 



10 



December 2013 | Volume 8 | Issue 12 | e84927 



Anti-PD-1/CD137 mAb Therapy in Cancer 



Cancer Res 67: 2339-2344. doi:10.1 158/0008-5472.CAN-06-3593. 
PubMed: 17332366. 

17. Ascierto PA, Simeone E, Sznol M, Fu YX, Melero I (2010) Clinical 
experiences with anti-CD137 and anti-PD1 therapeutic antibodies. 
Semin Oncol 37: 508-516. doi:10.1053/j.seminoncol.2010.09.008. 
PubMed: 21074066. 

18. Pardoll D, Drake C (2012) Immunotherapy earns its spot in the ranks of 
cancer therapy. J Exp Med 209: 201-209. doi:10.1084/jem.20112275. 
PubMed: 22330682. 

19. Dong H, Strome SE, Salomao DR, Tamura H, Hirano F et al. (2002) 
Tumor-associated B7-H1 promotes T-cell apoptosis: a potential 
mechanism of immune evasion. Nat Med 8: 793-800. PubMed: 
12091876. 

20. Iwai Y, Ishida M, Tanaka Y, Okazaki T, Honjo T et al. (2002) 
Involvement of PD-L1 on tumor cells in the escape from host immune 
system and tumor immunotherapy by PD-L1 blockade. Proc Natl Acad 
Sci U S A 99: 12293-12297. doi:10.1073/pnas.192461099. PubMed: 
12218188. 

21. Xiao H, Huang B, Yuan Y, Li D, Han LF et al. (2007) Soluble PD-1 
facilitates 4-1BBL-triggered antitumor immunity against murine H22 
hepatocarcinoma in vivo. Clin Cancer Res 13: 1823-1830. doi: 
10.1158/1078-0432.CCR-06-2154. PubMed: 17325342. 

22. Brahmer JR, Tykodi SS, Chow LQ, Hwu WJ, Topalian SL et al. (2012) 
Safety and activity of anti-PD-L1 antibody in patients with advanced 
cancer. N Engl J Med 366: 2455-2465. doi:10.1056/NEJMoa1200694. 
PubMed: 22658128. 

23. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC et al. 
(2012) Safety, activity, and immune correlates of anti-PD-1 antibody in 
cancer. N Engl J Med 366: 2443-2454. doi:10.1056/NEJMoa1200690. 
PubMed: 22658127. 

24. Lipson EJ, Sharfman WH, Drake CG, Wollner I, Taube JM et al. (2013) 
Durable cancer regression off-treatment and effective reinduction 
therapy with an anti-PD-1 antibody. Clin Cancer Res 19: 462-468. doi: 
10.1158/1078-0432.CCR-12-2625. PubMed: 23169436. 

25. Wilcox RA, Flies DB, Zhu G, Johnson AJ, Tamada K et al. (2002) 
Provision of antigen and CD137 signaling breaks immunological 
ignorance, promoting regression of poorly immunogenic tumors. J Clin 
Invest 109: 651-659. doi:1 0.1 1 72/JCI141 84. PubMed: 11877473. 

26. Verbrugge I, Hagekyriakou J, Sharp LL, Galli M, West A et al. (2012) 
Radiotherapy increases the permissiveness of established mammary 
tumors to rejection by immunomodulatory antibodies. Cancer Res 72: 
3163-3174. doi:10.1158/0008-5472.CAN-12-0210. PubMed: 22570253. 

27. Dai M, Wei H, Yip YY, Feng Q, He K et al. (2013) Long-lasting 
Complete Regression of Established Mouse Tumors by Counteracting 
Th2. Inflammation - J Immunother 36: 248-257. doi:10.1097/CJI. 
0b013e31 82943549. 

28. Coussens LM, Werb Z (2002) Inflammation and cancer. Nature 420: 
860-867. doi:10.1038/nature01322. PubMed: 12490959. 

29. Balkwill F, Mantovani A (2001) Inflammation and cancer: back to 
Virchow? Lancet 357: 539-545. doi:10.1016/S0140-6736(00)04046-0. 
PubMed: 11229684. 

30. Feng Q, Wei H, Morihara J, Stern J, Yu M et al. (2012) Th2 type 
inflammation promotes the gradual progression of HPV-infected 
cervical cells to cervical carcinoma. Gynecol Oncol 127: 412-419. doi: 
10.1016/j.ygyno.2012.07.098. PubMed: 22828962. 



31. Roby KF, Taylor CC, Sweetwood JP, Cheng Y, Pace JL et al. (2000) 
Development of a syngeneic mouse model for events related to ovarian 
cancer. Carcinogenesis 21: 585-591. doi:10.1093/carcin/21.4.585. 
PubMed: 10753190. 

32. Wei H, Wang H, Lu B, Li B, Hou S et al. (2008) Cancer immunotherapy 
using in vitro genetically modified targeted dendritic cells. Cancer Res 
68: 3854-3862. doi: 10.1 158/0008-5472.CAN-07-6051 . PubMed: 
18483270. 

33. Zhang H, Knutson KL, Hellstrom KE, Disis ML, Hellstrom I (2006) 
Antitumor efficacy of CD137 ligation is maximized by the use of a 
CD137 single-chain Fv-expressing whole-cell tumor vaccine compared 
with CD137-specific monoclonal antibody infusion. Mol Cancer Ther 5: 
149-155. doi:10.1158/1535-7163.MCT-05-0206. PubMed: 16432173. 

34. Pardoll DM (2012) The blockade of immune checkpoints in cancer 
immunotherapy. Nat Rev Cancer 12: 252-264. doi:10.1038/nrc3239. 
PubMed: 22437870. 

35. Yao S, Zhu Y, Chen L (2013) Advances in targeting cell surface 
signalling molecules for immune modulation. Nat Rev Drug Discov 12: 
130-146. doi:10.1038/nrd3877. PubMed: 23370250. 

36. Sakuishi K, Apetoh L, Sullivan JM, Blazar BR, Kuchroo VK et al. (2010) 
Targeting Tim-3 and PD-1 pathways to reverse T cell exhaustion and 
restore anti-tumor immunity. J Exp Med 207: 2187-2194. doi:10.1084/ 
jem.20100643. PubMed: 20819927. 

37. Fourcade J, Sun Z, Benallaoua M, Guillaume P, Luescher IF et al. 

(2010) Upregulation of Tim-3 and PD-1 expression is associated with 
tumor antigen-specific CD8+ T cell dysfunction in melanoma patients. J 
Exp Med 207: 2175-2186. doi:10.1084/jem.20100637. PubMed: 
20819923. 

38. Kim YH, Choi BK, Kim KH, Kang SW, Kwon BS (2008) Combination 
therapy with cisplatin and anti-4-1 BB: synergistic anticancer effects and 
amelioration of cisplatln-induced nephrotoxicity. Cancer Res 68: 
7264-7269. doi:10.1 158/0008-5472.CAN-08-1365. PubMed: 18794112. 

39. Li Q, Pan PY, Gu P, Xu D, Chen SH (2004) Role of immature myeloid 
Gr-1+ cells in the development of antitumor immunity. Cancer Res 64: 
1130-1139. doi:10.1158/0008-5472.CAN-03-1715. PubMed: 14871848. 

40. Krempski J, Karyampudi L, Behrens MD, Erskine CL, Hartmann L et al. 

(2011) Tumor-infiltrating programmed death receptor-1+ dendritic cells 
mediate immune suppression in ovarian cancer. J Immunol 186: 
6905-6913. doi:10.4049/jimmunol. 1100274. PubMed: 21551365. 

41. Hall M, Gourley C, McNeish I, Ledermann J, Gore M et al. (2013) 
Targeted anti-vascular therapies for ovarian cancer: current evidence. 
Br J Cancer 108: 250-258. doi:10.1038/bjc.2012.541. PubMed: 
23385789. 

42. Curran MA, Kim M, Montalvo W, Al-Shamkhani A, Allison JP (2011) 
Combination CTLA-4 blockade and 4-1 BB activation enhances tumor 
rejection by increasing T-cell infiltration, proliferation, and cytokine 
production. PLOS ONE 6: e19499. doi:10.1371/journal.pone.0019499. 
PubMed: 21559358. 

43. Wei H, Hellstrom KE, Hellstrom I (2012) Elafin selectively regulates the 
sensitivity of ovarian cancer cells to genotoxic drug-induced apoptosis. 
Gynecol Oncol 125: 727-733. doi:10.1016/j.ygyno.2012.03.018. 
PubMed: 22430613. 

44. Sznol M, Chen L (2013) Antagonist antibodies to PD-1 and B7-H1 (PD- 
L1) in the treatment of advanced human cancer. Clin Cancer Res 19: 
1021-1034. doi:10.1158/1078-0432.CCR-12-2063. PubMed: 23460533. 



PLOS ONE | www.plosone.org 



11 



December 2013 | Volume 8 | Issue 12 | e84927 



